599th MEETING, BIRMINGHAM
centre gets replaced and pushed over on to cyt. c, in a second turnover of the complex. It is important to realize that this second turnover of the complex is a necessary consequence of the relative stoichiometries of the complex and P. Every time the reaction centre turns over, the complex has to turn over twice to return things to the starting state.
(9) Because of the constraints discussed above, it is clear that the electrogenic process is the oxidation of cyt . b,,] . This suggests that the redox drop in this reaction must be substantial (>200mV).
(10) The antimycin-sensitive reduction of the c-cytochromes must reflect the regeneration of Q,H, in the uninhibited cycle from an oxidized entity (presumably Q'H or Q-*) which receives electrons from cyt. b,,, and which must be available to the cycle in a time less than, or equal to, the 500ps lag observed for these processes. The lag could reasonably be viewed as arising from the time taken to reduce cyt. b,,,. One area in which we have insufficient information to define the cycle is the pathway by which the entity above is generated. It has been suggested by Slater and colleagues (Berden et al., 1981 ; de Vries et al., 1981) , that the stable semiquinone, Qc-* (Ohnishi & Trumpower, 1980 ) is formed at a binding site in equilibrium with the pool, by simple disproportionation, and that this is the acceptor of electrons from cyt. b,,, in mitochondria.
(1 1) To complete the cycle, it would be necessary to regenerate the QC-* used in the first turn and to reoxidize cyt. bS6,. The simplest assumption would be that the oxidant is Q. either from the pool, or from the cycle. This would mean that cyt. b,,, could donate electrons to Q or Q-' at the site on the cytoplasmic side of the bacteria. Effectively this site would then have the same mechanism as the 'two-electron gate' of the reaction-centre secondary quinone. It would also be necessary to replace the quinone at the Q, site with a quinol. For 'book-keeping' purposes, this would have to be the quinol generated in the photoreactions, though in practice it might well come from the pool.
We have attempted to summarize in Scheme 2 the electron distribution, and the fates of the electrons, as the cycle goes through a succession of states. Obviously, these are highly idealized, but they provide a compact and comprehensible description of the Q-cycle in terms of reactions which can be written out in conventional chemical form.
Space does not permit a more detailed consideration of mechanistic aspects which follow from the parameters we have measured, and the constraints these put on a Q-cycle. The cycle explains with beautiful economy many of the phenomena which we have measured over the past few years-an economy which complements the set of constraints provided by the measurements themselves.
The mitochondria1 and bacterial (and also chloroplast) H+-translocating ATPase complexes have remarkably similar structures [for reviews, see Senior (1979) . Fillingame (1981) and Racker (1981) : see also Figs. 1 & 21. They are membranebound enzymes composed of a membrane sector. F,. with an attached extra-membrane portion. F ,. F,, contains a transmembrane proton channel. Under physiological conditions it couples the proton gradient across the membrane to drive the formation of ATP from ADP and Pi (Mitchell. 1981) . F , contains catalytic and regulatory sites that bind ATP and ADP (Harris. 1978) . In all species examined. F , contains five different polypeptides a, P, y, 6 and E (Fig. 2) (Catterall & Pedersen, 1971 : Bragg & Hou, 1975 . F,, from Escherichia coli is made from three polypeptides, a, b and c (Fillingame, 1981) (Fig. 1) and counterparts are also present in bovine F,, (Fig. 2) .
These similarities notwithstanding. striking differences are also to be found. The mitochondrial enzyme is more complex than the bacterial one: for example. extra subunits are associated with F , (see Fig. 2 ). The best studied are the inhibitor protein (I) (Pullman & Monroy, 1963) and the oligomycinsensitivity-conferral protein (oscp) (Senior. 197 I) . F, is less well characterized in mitochondria, but may also have additional subunits (Galante et al.. 1979 : Glaser et al., 1981 .
Recently DNA sequences, and thereby amino acid sequences. of the entire E. coli complex (Gay & Walker, 1981a .b: Saraste ef al., 1981 Walker et al., 1 9 8 2~) and of constituent proteins of the bovine complex have been determined (Anderson et al., 1982 6 and E are both required for binding a, @, y to F, (Dunn & Futai, 1980; Sternweiss, 1978) . 6 Interacts with the N-terminal region of a . Subunit b provides a highly charged membrane-bound a-helical structure to which F , may bind via ionic interactions (Gay & Walker, 198 lb; Walker et al., 19826) . Both a and c are essential components of the proton channel (Fried1 et al., 1981) (straight broken lines) through the lipid bilayer (hatched). The number of copies of a, b and c in the complex is not firmly established but may be 20: 26: 1Oc (Fillingame, 198 1) .
respectively (Cross, 1981) are much more conserved between bovine mitochondria and E. coli than the membrane proteins a and c. In a, only 24% and in c, only 2 1%, of residues are identical in the two species, whereas in @-subunits, 71% of amino acids are unchanged; a-subunits are similarly highly conserved (V. J. Tybulewicz, M. J. Runswick and J. E. Walker, unpublished work). So it appears that the various subunits have been subjected to different evolutionary pressures. In the case of the membrane proteins, selection seems to operate predominantly on the hydrophobicity of the sequence [although functional groups involved directly in proton conductance are presumably conserved (Sebald et al., 1980) l. In the case of the a-and p-subunits, much more stringent constraints apply. The sequences of the E. coli a-and @-proteins have another interesting feature: their sequences are related to each other and have evolved from a common ancestor (Saraste et al., 1981) .
The gene duplication giving rise to them must have occurred more than 1 . 2~ lo9 years ago before eukaryotes emerged (Cloud et al., 1969 ). An important implication of this homology is that a and @ are likely to be folded in a similar way. Although they have different roles in catalysis the homology appears to be related to their common property of binding ADP and ATP (see Harris, 1978; Wagenvoord et al., 1980 ). This conclusion is based upon the finding that a and @ contain sequences significantly similar to sequences in other enzymes that bind ADP and ATP, notably among them myosin, Ca*+-ATPase and phosphofructokinase and adenylate kinase (Table 1) . It is improbable, however, that these nucleotide-binding sites are sufficient to account for the extensive (although relatively weak) homology between a and @-other common constrains must apply. One such might be related to the interactions between a and @ and other subunits in the complex, particularly with y, 8, E and a third component of F,, b. Protein b almost certainly protrudes from the membrane to present a high charged a-helical structure that could make ionic interactions with S and E, thus fixing F, to the membrane (Gay & Walker, 1981; Walker et al., 19826) . Preliminary studies indicate that y, 6, E and b are not as highly conserved as a and @. Also, additional proteins such as F, (Kanner et al., 1976) and oscp probably participate in F,-F, interaction in bovine mitochondria but not in E. coli. So it seems reasonable to anticipate significant structural differences between bacterial and mitochondrial enzymes in this part of the complex. In the two decades since Peter Mitchell formulated the chemiosmotic theory, the basic principles have received much experimental support and are now all but universally accepted. In the case of bacteria, we have known for some time that the respiratory chain and the photosynthetic apparatus transport protons outward across the plasma membrane, generating an electrochemical potential gradient (interior alkaline and negative), and that the circulation of protons across the membrane powers the synthesis of ATP, the accumulation of many ions and metabolites, the rotation of flagella and other work functions. Analogous ion circulations pass across the plasma membrane of eukaryotic cells, with electrogenic ATPases as the current source. Protons carry the current in fungi, algae and plant cells, while in animal cells the familiar (Na++K+)-ATPase sets up a circulation of Na+. Accumulation of solutes is a major function of the ion current in eukaryotic as in prokaryotic cells.
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We usually think of current sources and sinks as being uniformly scattered over the cells' surface, so that current circuits will tend to be local. Whether this is, in fact, true is not known and open to question even at the bacterial level. Certainly most eukaryotic cells are polarized, in the sense that one end of the cell is structurally and functionally quite different from the other. Fungal hyphae, which grow only at their tips, are a familiar and striking example. Suppose now that, in such a cell, ion pumps and ion sinks were segregated at opposite ends of the cell; we would then set up a transcellular ion current, and transcellular gradients of concentration and of electrical potential, which might possibly do work related to the physiology or generation of cell polarity. This, perhaps, how cells determine which end is which?
The possible existence and function of transcellular ion currents was here deduced from chemiosmotic concepts in order to emphasize the conceptual links between these two ideas, but the historical origin of transcellular currents is quite different. The idea was first clearly developed by Elmer Lund (1947), who believed that endogenous electrical fields play a major role in guiding growth and development. This notion fell out of favour until Lionel Jaffe rephrased it in modern idiom (Jaffe. 1979:
Jaffe et al., 1974), and it is to Jaffe and his disciples that we owe most of our present conceptions and information. The paradigms in this field stem primarily from research on the eggs of the brown marine algae Fucus and Peluetia. During the first day after fertilization the egg elongates and then divides into two unequal halves, one destined to become the rhizoid (or holdfast), the other the thallus (or frond). At this stage the rhizoid is the growing part, as the embryo's first objective is to secure firm lodging. What makes this system so valuable is that, unlike animal eggs, the zygotes of Fucus and related algae have no predetermined axis or polarity. The site and direction of outgrowth are determined by one of a variety of external stimuli:
light, electric fields, gradients of p H and of certain ions (for example, the embryo elongates away from the direction of incident light). The various stimuli are thought to produce a localized membrane change that confers polarity upon the embryo: once outgrowth has begun, its direction is selfmaintained. Studies on the mechanisms which determine the site and direction of growth were guided by the hypothesis that growth is localized by an ion current (Jaffe el al., 1974). It was proposed that the plasma membrane at the growing point is specifically permeable to a cation that is present externally at a higher electrochemical potential than in the cytoplasm (Ca2+.
H+ or Na+); the potential gradient is generated by pumps located elsewhere in the cell. Passage of the cation inward would complete a current loop across the cell, which depends on the segregation of pumps and leaks in separate locations: this current may then act as the 'directive force' in morphogenesis. That developing Fucus zygotes do generate endogenous
